A computational protocol capable of predicting the correct order of Am(III)/Eu(III) selectivity provides a theoretical basis for the design of more selective separation agents
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Introduction
One of the challenges faced by the nuclear power industry is a growing concern over the management of irradiated nuclear fuel. Most schemes for used-fuel recycle start with a form of PUREX (Plutonium and URanium EXtraction) processing to recover the reusable uranium and plutonium, which constitute 96% of the mass of the used fuel. 1, 2 The liquid waste stream of PUREX process still contains a small fraction (less than 0.1% by mass) of long-term highly radiotoxic Am, requiring the containment of waste in a geological repository for thousands of years. Thus, it is desirable to separate minor actinides (An) from other fission products, such as lanthanides (Ln), to reduce radiotoxicity and thermal emission (storage volume) of post-PUREX nuclear waste.
Separation of chemically similar An(III) and Ln(III) is crucial to closing the nuclear fuel
cycle and yet is still not efficiently accomplished. 3, 4 Among numerous organic ligands known to extract trivalent metal ions, only those that contain soft donor groups are able to discriminate between An(III) and Ln(III). 5 Important progress has been made to identify organic phase extractants, such as dithiophosphinic acids (e.g., CYANEX-301), 6, 7 polyazines (e.g., BTP) used in the SANEX (Selective ActiNide EXtraction) process, 5, 8, 9 as well as aqueous phase reagents, such as aminopolycarboxylic acids (e.g., DTPA) used in the TALSPEAK (Trivalent ActinideLanthanide Separation by Phosphorous reagent Extraction from Aqueous Komplexes) process. 10, 11 However, such advances are mainly based on trial and error, since the factors Given that in most cases the calculated metal-ligand bond strength is higher for Eu(III) over Am(III), 23 one may conclude that perhaps current density functional theory (DFT) methods have not reached a sufficient level accuracy necessary for a reliable prediction of small differences in Am(III)/Eu(III) selectivity. 24 We note, however, that larger ligand binding energies for Eu (III) over Am(III) are reflections of a smaller ionic radius of the former ion. 25 Indeed, results more consistent with experimental observations are reported [19] [20] [21] [22] In what follows, we examine the ability of several DFT methods to predict Am(III)/Eu(III) selectivity with six oxygen, mixed oxygen-nitrogen, and sulfur donor ligands, as observed in liquid-liquid extraction and aqueous phase selective complexation studies (Scheme 1). The results establish a computational method capable of predicting the correct order of selectivities based on the difference in the coordination energy between the extractant/complexant and metal ions. This method is applied to estimate the selectivity of novel mixed oxygen-nitrogen donor ligands formed by covalently linking a nitrogen heterocycle (diazine, triazole) with an amide group (Scheme 2).
Scheme 1.
Ligand set used to test the ability of computational methods to predict Am/Eu selectivity.
Computational Details
We used Stuttgart small-core (SSC) 26 Ion solvation is modeled by explicit inclusion of the first coordination shell around metal ion and implicit treatment of the rest of the solvent with a dielectric continuum model (COSMO). 27, 35 Although, the explicit treatment of more extended solvent shells is necessary for predicting the absolute binding constants for trivalent metal ions in solution, 41 we expect the predicted trends in complexation energies across An(III) and Ln(III) series to be more reliable.
COSMO calculations were carried out with the default values of solvation parameters for water, as implemented in NWChem 6.3. 27 Using the default parameters ensures that the current implementation of the COSMO model in NWChem 6.3 gives the results that are as close as possible to those of the original implementation of Klamt and Schuurmann. 40 The parameters ε = 10.36, 40.25, and 1.8 were used for 1,2-dichloroethane, trifluoromethyl phenyl sulfone, and kerosene, respectively. We note that solvation calculations are not sensitive to the choice of solvation parameters for trifluoromethyl phenyl sulfone, because the difference in the solvation free energies between Am(2) 3 and Eu(2) 3 is only 0.01 kcal/mol.
Results and Discussion
In 
Alternatively, metal ion extraction can proceed via a cation-exchange mechanism 4, 22 given by
The extraction free energies represented by Eqs. 1a and 1b are difficult to predict with quantum chemical methods. On one hand, the association equilibria often show complex dependence on the concentration of counterions and nitric acid, the presence of phase modifiers due to aggregation, precipitation, third-phase formation, etc. 9, 20 While the predominant stoichiometry of the extracted species can be deduced from the slope analysis (plotting the distribution coefficient as a function of extractant concentration), 9,20 very little is know about the coordination environment of the metal ion complexes formed upon solvent extraction. On the other hand, the theoretical methods are at best only able to describe the trends in the complexation of multicharged ions. 46, 47 For example, when a single coordination shell is employed for metal ions and the remaining solvent effects are described using a dielectric continuum model, 48 the error of 
Indeed, this reaction is devoid of complicated solvation effects for the trivalent metal ions that can potentially introduce large uncertainties into calculations of ∆∆G ext (Am/Eu). 22 Moreover, the solvation free energies of neutral complexes show little variance between Am and Eu (<1.0 kcal/mol in all cases), which provides a convenient way for testing the ability of various DFT methods to differentiate between several extractant systems. In what follows, the stoichiometry of the extracted complex was chosen to be consistent with experimental results for the same or related ligands. Since only the first coordination shell was treated explicitly in this study, it was possible to perform a systematic search of low-energy clusters for a given stoichiometry. The results were reported using the lowest-energy clusters. Table 1 
The results shown in Table 2 . In contrast, the results obtained with a relatively small 6-31G * basis set are not reliable, thus explaining the failure of the previous study 22 to yield accurate estimates of ∆∆G hydr (Am/Eu) from reaction (4). The values of ∆∆G ext (Am/Eu) are obtained by combining our best estimates of the gasphase free energies calculated at the B3LYP/SSC/6-311++G ** level (Table 1 ) with implicit solvent corrections for both the aqueous (Table 2 ) and organic phase included at the B3LYP/SSC/6-31+G ** level. Table 3 shows a comparison of the calculated and experimental values of ∆∆G ext (Am/Eu). Overall, our computational protocol is able to reproduce higher affinity of the mixed O,N-donor and S-donor ligands for Am(III) over Eu(III) and rank-order their separation ability. It is important to note that no adjustable parameters were employed in these calculations, showing that ligand selectivity stems directly from the difference in the free energy of complexation. In contrast, a close agreement between the calculated experimental ∆∆G ext (Am/Eu) would not be possible with the PBE and BP86 functionals without shifting the energy by a constant term to compensate for the stronger preference of Eu(III) over Am(III) in the gas phase compared to B3LYP results (by ~3.3 kcal/mol, as follows from the comparison of complexation energies shown in the second column of Table 1 ). Thus, while PBE and BP86 can still be used to predict relative separation abilities of different extractants ( 
Several initial geometries were built by substituting two and three water molecules in
3+ by the corresponding bidentate and tridentate ligands, respectively. Geometry optimization revealed that in case of dianionic ligands, 3 and 4, one or two water molecules were displaced from the first to the second coordination sphere to complex with the negatively charged O donor atoms ( Figure S1 of ESI). Furthermore, it was noted that the oxalate ligand in
+ had a partially broken C−C bond (2.14 Å), a clear artifact of the gas-phase optimization. Adding two additional water molecules to solvate dianionic ligands was sufficient to remove calculation artifacts and stabilize each cluster in the nine-coordinate geometry ( Figure   2 ). With these considerations, the results, 45 In a study of the factors controlling selectivity exhibited by polyazine extractants, it was
shown that the average hardness of the azine donor groups correlated with observed selectivity trends. 24 This observation suggests the possibility of improving selectivity in preorganized N,O- Table 5 . The results predict that one of these derivatives, 6 (the softest diazine) would
give a higher selectivity than 1, although it is predicted to be a weaker extractant despite the fact that its intrinsic affinity (gas phase binding energy for 1:1 complex 24 ) with La 3+ is comparable to that of 1 (see Table S1 of ESI). After further screening of a number of amide-functionalized polyazine-and polyazole-based ligands, one candidate, consisting of fused 1,2,3-triazole, benzene, and δ-lactam rings, 9, stood out as having the highest intrinsic metal-ion affinity.
Computations for the 1:2 metal ion-extractant complex with counterions indicated that the extractability of 9 was similar to that of 1, but more importantly, the selectivity for Am 3+ over Eu 3+ was significantly higher (Table 5 ). Additional improvements in the selectivity are expected through the use of higher denticity structures 54, 55 that are preorganized for f-block metal ions, for example, 10.
Scheme 2.
Mixed O,N-donor ligands evaluated for Am/Eu separation using theoretical methods 
Conclusions
At present, experimental research programs aimed at improving the performance of separation processes for minor actinide recovery are mostly empirical in nature. Although several ligand descriptors are proposed in the literature to correlate with the observed An/Ln selectivity (polarizability, the energy of the highest occupied molecular orbital, hardness), the range of applicability of these parameters is unknown. Another approach invokes different bonding analysis descriptors to rationalize small differences in binding of Eu 3+ and Am 3+ . However, no clear consensus has emerged from these studies and different tools often yield conflicting results.
In this work, we took a more straightforward approach to calculate An(III)/Ln(III) selectivities as the differences in complexation energies between the extractants and metals. 
